Background: Attention-deficit/hyperactivity disorder (ADHD) may result from delayed establishment of corticolimbic circuitry or perturbed dopamine (DA) neurotransmission. Despite the widespread use of stimulants to treat ADHD, little is known regarding their long-term effects on neurotransmitter levels and metabolism. Cyclin-dependent kinase 5 (Cdk5) regulates DA signaling through control of synthesis, postsynaptic responses, and vesicle release. Mice lacking the Cdk5-activating cofactor p35 are deficient in cortical lamination, suggesting altered motor/reward circuitry.
A ttention-deficit/hyperactivity disorder (ADHD) is a heterogeneous developmental syndrome characterized by inattention, impulsivity, and hyperactivity. It is among the most common adolescent psychiatric diagnoses with an estimated prevalence of 4% (1) . Motor control, vigilance, and attention are mediated through the mesocorticolimbic circuitry of the brain. In this pathway, glutamatergic pyramidal neurons of the medial prefrontal cortex (mPFC) synapse onto ␥-aminobutyric acidergic medium spiny neurons of the striatum. These neurons project via the direct and indirect pathways to dopaminergic neurons in the substantia nigra/ventral tegmental area (VTA). To complete the loop, substantia nigra/VTA neurons innervate the cortex either directly or via the thalamus. The transition from stimulus perception to overt action depends upon coordinated responses between this pathway and higher association cortical circuits, which may be deficient in ADHD. Aberrations of mesocorticolimbic structure and function have been repeatedly implicated in ADHD patient imaging studies (2-7). Furthermore, high-resolution magnetic resonance imaging links ADHD onset to a 3-to 4-year delay in corticogenesis (8) . Thus, the size or developmental trajectory of cortical or basal ganglia structures may significantly affect attentional or motor inhibitory abilities later in life.
Dopaminergic neurotransmission may also play a central role in ADHD pathophysiology (9) . Stimulants, such as methylphenidate (MPH), are the most common drug treatment for this disorder. These medications are thought to act by raising synaptic concentrations of dopamine (DA) and other catecholamines through inhibition of presynaptic reuptake transporters (10, 11) . Several lines of evidence suggest that both hypostimulation and hyperstimulation of DA receptors, in the prefrontal cortex (PFC) specifically, deprecate attention and working memory (12) (13) (14) . In mice, psychostimulants increase catecholaminergic neurotransmission in the PFC selectively at therapeutic doses, which do not promote locomotion (15) . Furthermore, the locomotor-suppressing effect of low-dose stimulants is observed in control and ADHD patients (16) . Nuclear imaging of DA transporter binding (17, 18) and studies of the DA receptor D4 tandem repeat polymorphism (19 -23) repeatedly implicate deficiencies in this neurotransmitter system in ADHD.
Cyclin-dependent kinase 5 (Cdk5) is a neuronal serine/threonine protein kinase critical to proper neuronal migration, corticogenesis, and regulation of postsynaptic DA signal integration. Cdk5 activity is dependent upon its association with one of two homologous cofactors, p35 (24, 25) or p39 (26) . Mice deficient in Cdk5 are nonviable and display severe defects in the formation of the cerebral cortex including an inversion of the typical "inside-out" lamination of cortical neurons (27, 28) . Mice lacking p35 (p35 Ϫ/Ϫ ) are viable while exhibiting reversed cortical lamination, a severe reduction in the size of the corpus callosum, and abnormal neurite outgrowth in culture. In contrast, mice lacking p39 do not display these defects (29 -32) . Cdk5 negatively regulates DA neurotransmission through the phosphorylation of DA and cyclic adenosine monophosphate regulated phosphoprotein of 32 kDa (DARPP-32) (33) . Inhibition of Cdk5 through genetic or pharmacological means potentiates the behavioral effects of DA-perturbing drugs (34 -36) . Furthermore, Cdk5 controls the behavioral effects of caffeine (37) and sexual reproductive behavior (38) , via DARPP-32 dependent mechanisms. In addition to its modulation of DARPP-32, Cdk5 may mediate these actions through auxiliary control of synaptic vesicle release and upstream synthesis of DA in the forebrain (39 -41) .
Given the central role of Cdk5 in both the development of the cortex and the regulation of DA neurotransmission, we hypothesized that its dysregulation could contribute to the etiology of ADHD. Here, we report that loss of p35 profoundly alters glucose uptake in the cerebral cortex, mesocorticolimbic circuitry, behavioral responses to psychomotor stimulants, catecholamine levels and metabolism, and DA signal transduction and that these effects strongly reflect deficits observed in ADHD patients. Thus, developmental dysregulation of Cdk5 is implicated in ADHD pathology and p35 Ϫ/Ϫ mice provide a provocative model for the study of this psychiatric disease.
Methods and Materials

Positron Emission Tomography/Computed Tomography Imaging
Small animal positron emission tomography (PET)/computed tomography (CT) imaging studies were performed using a Siemens Inveon Multimodality PET/CT system (Siemens Medical Solutions, Inc., Knoxville, Tennessee). Animals were anesthetized using 2% isoflurane for the duration of the imaging. The micro-computed tomography imaging was acquired at 80 kV and 500 mA with a focal spot of 58 m. The total rotation of the gantry was 360°with 360 rotation steps obtained at an exposure time of 175 msec/frame. The images were obtained using charge-coupled device readout of 4096 ϫ 3098 with a bin factor of four and average frame of one. Under low magnification, the effective pixel size was 102.25 m. Total microCT scan time was approximately 6 minutes. The CT images were reconstructed with a downsample factor of two using Cobra Reconstruction Software (Exxim, Pleasanton, California). Body temperature was maintained at 38°C using a heating pad. Injection of 100 Ci of 2-deoxy-2-[
18 F] fluoro-D-glucose (FDG) was followed by a 60-minute dynamic scan. Positron emission tomography images were reconstructed using Fourier Rebinning and Ordered Subsets Expectation Maximization two-dimensional algorithm with dynamic framing every 5 minutes. Reconstructed images were fused and analyzed using Inveon Research Workplace software (Siemens, Berlin, Germany). For quantitation, the mean region of interest data from the cerebral cortex were normalized to muscle (background) and identified by visual inspection. Corresponding PET images were reconstructed using Fourier Rebinning and Ordered Subsets Expectation Maximization three-dimensional algorithm with a blur value of .001.
Animal Experimentation
The p35 knockout (KO) mice have been previously described (29) . All mice were handled in accordance with the Guide for the Care and Use of Laboratory Animals as adopted and promulgated by the US National Institutes of Health. The Institutional Animal Care and Use Committee of the University of Texas Southwestern Medical Center approved the specific protocols. Before all behavioral experiments took place, 6-to 12-week-old mice were transported to the examination room at least 1 hour beforehand and left in a quiet closed room.
Locomotor Activity Assay
Locomotor activity was measured essentially as described (35) . No differences were observed in repetitive (stereotypic) movements in any of the experiments. For experiments where drugs were injected, animals were habituated to saline injections for the first 3 days. Animals were injected and placed into the chamber for a total run time of 2 hours.
Preparation and Incubation of Acute Slices
Slices from 6-to 8-week-old male C57BL/6 mice were prepared as described (33) , with slight modifications. Briefly, slices were preincubated with adenosine deaminase (10 g/mL; Sigma-Aldrich, St. Louis, Missouri) for 60 minutes, changing for fresh buffer after 30 minutes. Slices were then incubated with SKF-81297 (Tocris Biosciences, Bristol, United Kingdom) in Krebs buffer for the proscribed period without adenosine deaminase, frozen on dry ice, and stored at -80°C until further assay.
Retrograde Tracing
Mice were stereotactically injected with the retrograde tracer fluorogold (FG) (4% in .9% saline; Fluorochrome, Denver, Colorado) in to the nucleus accumbens (NAc; shell). Mice were anesthetized with ketamine/xylazine (80/12 mg/kg intraperitoneal) and restrained in a stereotaxic apparatus. A glass micropipette connected to an air pressure injector system was positioned via the stereotaxic manipulator. Fluorogold was unilaterally injected into the NAc (ϩ1.45 mm from the bregma, ϩ.65 mm lateral, Ϫ4.0 mm from the surface of cortex). The micropipette was removed and the incision was closed. Injection volumes were 10 nL to 50 nL, and there was no mortality. Mice were transcardially perfused 4 days later to allow for retrograde transport of FG. Injection sites were confirmed by immunostaining for FG and only mice with similar injection sites and volumes were compared.
Tissue Preparation and Histology
Immunohistochemistry was performed essentially as described (41) . Mice were perfused with 4% paraformaldehyde, and brains were cryoprotected in 30% sucrose in phosphate-buffered sucrose and sectioned (30 m) on a freezing microtome. Nonspecific binding was blocked with 3% donkey serum (Jackson ImmunoResearch, West Grove, Pennsylvania) and .3% Triton X-100 (Sigma-Aldrich, St. Louis, Missouri) in phosphate-buffered sucrose for 30 to 60 minutes. Primary antibodies included anti-Fluorogold (1:1000) (Fluorochrome, Denver, Colorado) and antityrosine hydroxylase (TH) (1: 1000) (PhosphoSolutions, Aurora, Colorado). Secondary antibodies included antirabbit Cy3 (Jackson ImmunoResearch). NeuroTrace Yellow Fluorescent Nissl Stain (Molecular Probes, Eugene, Oregon) was used as instructed by manufacturer.
High Pressure Liquid Chromatography/Electrochemical Detection Analysis of Catecholamines
Levels of striatal and PFC DA, and its metabolites 3,4-dihydroxyphenylacetic acid (DOPAC), homovanillic acid (HVA), and 3-methoxytyramine, as well as serotonin (5-HT) and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) were quantified from striatum and PFC as described (42) . Neurotransmitter monoamines and metabolites were detected using a CoulArray electrochemical detector (ESA, Chelmsford, Massachusetts) with a model 5014B cell set to a potential of ϩ 220 mV.
Immunoblot Analysis
Quantitative immunoblotting was conducted as described (43) . Membranes were immunoblotted using antibodies for phosphoSer845 glutamate receptor type 1 (GluR1) (PhosphoSolutions, Au-rora, Colorado), phospho-T34 DARPP-32, and total DARPP-32 (CellSignaling, Beverly, Massachusetts), and total GluR1 (Abcam, Littleton, Colorado).
Data Analysis
Image J (National Institutes of Health, Bethesda, Maryland) was used to quantify immunoblots. Results are stated as mean Ϯ standard error of the mean. Analysis of data involving one variable with independent observations used Student t test. For two variables, such as genotype and time, a two-way analysis of variance (ANOVA) was used. After confirmation of a significant effect of genotype, between-group comparisons were performed using Student t test.
Results
p35 KO Results in Increased Rate of Cortical Glucose Uptake
Positron emission tomography provides a noninvasive platform for the measurement of regional metabolism or neurotransmission in vivo. To assess the overall effect of p35 KO on brain function, p35
Ϫ/Ϫ and wild-type (WT) littermates (10 -12 weeks old) were injected with FDG and imaged by PET. A 60-minute dynamic PET scan revealed a significantly greater rate of glucose uptake in the cerebral cortex of p35 Ϫ/Ϫ mice ( Figure 1A ,B). Linear regression analysis of the best-fit line (R 2 ϭ .96 for WT, .97 for KO) indicated that the slope, or rate of glucose uptake, of p35 Ϫ/Ϫ mice was 1.53 Ϯ .11-fold higher than control mice ( Figure 1C ). Across the time span of the scan, statistical analysis revealed a significant effect of time and genotype (p Ͻ .001, two-way ANOVA, n ϭ 5 WT, n ϭ 7 KO) and no interaction ( Figure 1B) . Thus, p35 loss affects brain glucose metabolism, possibly through alteration of neural circuits and cytoarchitecture or neurotransmission.
Upregulation of Mesolimbic Connectivity After p35 KO
p35 deficiency during development reverses the normal lamination of the cerebral cortex and severely reduces the size of the corpus callosum (Figure 2A) (29, 30, 42) . To assess how constitutive lack of p35 impacts mesocorticolimbic circuitry, we conducted immunohistochemical analysis of a retrograde tracer (44) , FG, and the rate-limiting enzyme in DA biosynthesis, TH. FG was injected into the NAc to label neurons that synapse onto the NAc. Both p35
and WT mice displayed labeled neurons in the VTA, substantia nigra pars compacta, subiculum, and dorsal raphe nuclei with apparent equal cell number and distribution (data not shown). However, overt differences were found in the mPFC. In control mice, afferents of the prelimbic and infralimbic cortices appeared to label discretely in layer 3, as approximated by visual inspection in conjunction with a Nissl costain. In contrast, p35 Ϫ/Ϫ mice exhibited a diffuse labeling pattern ( Figure 2B) , with FG-tagged neurons apparently traversing layers 2 to 6. These results indicate that p35 KO induces a loss in the layer-specific afferentiation of descending mPFC outputs projecting to the NAc. Dopaminergic innervation was assessed by immunostaining for TH. The VTA, substantia nigra pars compacta, and striatum of 6-to 8-week-old p35 Ϫ/Ϫ mice displayed indistinguishable staining intensity and distribution compared with WT littermates. However, in the infralimbic, prelimbic, and cingulate cortices of KO mice, an increased density of DA fiber innervation was observed ( Figure 2C ). This finding suggests that p35 deficiency results in an increase in DAergic afferents projecting from the VTA to the mPFC. Taken together, these results corroborate previous reports showing abnormal neurite outgrowth when Cdk5 activity is ablated during development but go further in implicating the Cdk5/p35 complex as a key promoter of proper mesolimbic circuit formation.
p35 KO Induces a Locomotor Profile Reminiscent of ADHD
Because p35 deficiency alters the formation of circuitry governing motor control, we measured spontaneous activity after injection of saline, chronic MPH, or chronic cocaine in a novel environment. The p35 Ϫ/Ϫ mice exhibited significant hyperactivity (Figure 3A), recording 1.65 Ϯ .07-fold more locomotor counts over a 60-minte testing period compared with control mice. This effect was specific to p35, as mice lacking p39 did not display hyperactivity (data not shown).
Interestingly, when dosed repeatedly with psychostimulants, p35 Ϫ/Ϫ mice displayed hypolocomotion. By the fifth day of MPH dosing, locomotor activity of the p35 Ϫ/Ϫ group was reduced to 63 Ϯ 11% of WT littermates. Furthermore, after administration of MPH, WT mice exhibited mildly sensitized responses over the 5 experimental days, while p35 Ϫ/Ϫ mice were deficient in this effect. Statistical analysis of the first 30 minutes of cumulative activity for the MPH sensitization ( Figure 3B ) revealed a significant effect of genotype (p Ͻ .01, two-way repeated measures ANOVA, n ϭ 5) and no effect of treatment day or interaction.
To further assess the effect of p35 KO on behavioral responses to psychostimulants, mice were also given repeated injections of cocaine. Again, p35 Ϫ/Ϫ mice exhibited a hypolocomotive response and were deficient in sensitization. On the fifth day of testing, the locomotor counts of p35 Ϫ/Ϫ mice were reduced to 51 Ϯ 9% of control mice over the 60-minute time period. Analysis of total activity for sensitization to cocaine ( Figure 3C ) also revealed a significant effect of genotype (p Ͻ .01, two-way repeated measures ANOVA, n ϭ 6 -7), drug (p Ͻ .05), and no interaction. Interestingly, a 5-day treatment of cocaine, but not MPH, served to lower the locomotor counts of p35 Ϫ/Ϫ mice such that there was no significant difference between MPH-treated KO animals and saline-treated WT littermates (p ϭ .12, Student unpaired t test, n ϭ 6 -7). These data indicate that congenital KO of p35 results in basal hyperactivity and paradoxical hypolocomotion in response to chronic methylphenidate or cocaine exposure.
Effect of p35 KO and Chronic Methylphenidate on Catecholamine Levels and Metabolism in the Prefrontal Cortex
Psychostimulants invoke their locomotor-activating effect by raising synaptic concentrations of DA and other catecholamines in the NAc. To evaluate the effects of psychostimulants on catecholamine levels in WT versus p35 Ϫ/Ϫ mice, absolute concentrations of neurotransmitters in the striatum and PFC were measured by highperformance liquid chromatography. Two sets of samples were used: one group of WT and p35 Ϫ/Ϫ mice was sacrificed after 20 minutes in a novel environment with no drug administration (pre-MPH). Another group of WT and p35 Ϫ/Ϫ mice was dosed with MPH (10 mg/kg) for 5 consecutive days and sacrificed 20 minutes after the final injection (chronic-MPH).
p35 KO did not significantly affect basal (pre-MPH) DA or DOPAC ( Figure 4A ). However, DA and DOPAC were reduced to 27 Ϯ 3% and 39 Ϯ 10%, respectively, of their pre-MPH levels in p35 Ϫ/Ϫ mice. Furthermore, DA turnover, represented as the ratio of HVA over DA, was increased 1.62 Ϯ .19-fold in response to repeated MPH treatment of p35 Ϫ/Ϫ mice. In contrast, MPH induced no significant effects in DA (p ϭ .18, Student unpaired t test, n ϭ 5-6), DOPAC (p ϭ .21), or DA turnover (p ϭ .48) in WT mice, although a clear trend toward the reduction of DA and metabolite levels was apparent. Moreover, after chronic MPH treatment, p35 Ϫ/Ϫ mice exhibited significantly reduced DA turnover (51% Ϯ 6 less) compared with control mice. In other measures, small but significant elevations in basal 5-HT and 5-HIAA (1.23 Ϯ .08-fold higher) were observed in pre-MPH p35 Ϫ/Ϫ mice compared with control mice ( Figure 4B ). Furthermore, chronic MPH induced a 1.08 Ϯ .03-fold increase in 5-HT, an 18 Ϯ 5% decrease in 5-HIAA, and a 23 Ϯ 5% decrease in 5-HT turnover (5-HIAA to 5-HT ratio) in p35 Ϫ/Ϫ mice, while no effect was detected in control mice. For the levels of DOPAC, 5-HT, and 5-HIAA and the ratio of HVA to DA, statistical analysis showed a significant effect of genotype and drug (p Ͻ .05, two-way ANOVA, n ϭ 5-7) and no significant interaction across the span of the drug treatment.
Surprisingly, in the caudate putamen, no significant differences were observed between WT and p35 Ϫ/Ϫ mice before or after MPH administration ( Figure S1 in Supplement 1). Thus, p35 deficiency rendered mice responsive to the modulation of PFC catecholamine metabolism by MPH, with the stimulant profoundly lowering DA and raising 5-HT selectively in p35 Ϫ/Ϫ mice.
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Effect of p35 KO on Dopaminergic Neurotransmission in Acute Striatal and Prefrontal Cortical Slices
Dopamine neurotransmission was evaluated using the selective D1 DA receptor (D1DR) agonist, SKF-81297 (1 mol/L, 5 minutes). The protein kinase A (PKA)-dependent phosphorylation states of the GluR1 subunit of the ␣-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor at serine-845 (S845) (45) or DARPP-32 at threonine-34 (T34) (46) were monitored in acute striatal and PFC slices to assess the responsiveness of the D1DR/cyclic adenosine monophosphate/PKA cascade.
Activation of the D1DR in striatal slices from WT mice induced a 2.14 Ϯ .20-fold increase in phospho-S845 (p-S845) GluR1 levels ( Figure 5A ). Consistent with previous reports (33) , this response was potentiated to a 3.79 Ϯ .78-fold increase in p35 Ϫ/Ϫ mice. Interestingly, total levels of GluR1 in p35 KO slices were reduced to 68 Ϯ 10% of untreated control mice by SKF-81297, while no effect was observed in slices from WT littermates. Furthermore, the basal level of total GluR1 was 1.73 Ϯ .17-fold higher in p35 Ϫ/Ϫ versus WT mice. As a result, when p-S845 levels were normalized, a decrease in basal p-S845 to 61% Ϯ 3 of control mice was detected in KO mice. The D1DR activation induced 2.36 Ϯ .32-fold and 4.43 Ϯ .99-fold increases in normalized p-S845 GluR1 in WT and p35 Ϫ/Ϫ striatal slices, respectively. Likewise, 2.86 Ϯ .38-fold and 6.98 Ϯ .91-fold increases in phospho-T34 (p-T34) DARPP-32 were induced by SKF-81297 treatment of striatal slices from WT and p35 Ϫ/Ϫ mice, respectively. Additionally, KO mice exhibited 44 Ϯ 5% of WT normalized basal p-T34 DARPP-32 levels. Neither p35 KO nor drug treatment had an effect on total levels of striatal DARPP-32.
In WT PFC slices, SKF-81297 treatment induced a 1.75 Ϯ .4-fold increase in p-S845 GluR1 but had no effect on slices from p35 Ϫ/Ϫ mice. Statistical analysis revealed no effect of genotype, drug, or interaction (p Ͼ .05, two-way ANOVA, n ϭ 5-9) across the time span of SKF-81297 treatment. However, basal normalized p-S845 GluR1 increased 1.52 Ϯ .18-fold in p35 Ϫ/Ϫ mice compared with WT littermate control mice, while p35 KO had no effect on total PFC GluR1 levels. These results suggest that congenital loss of p35 reduces basal PKA activity and potentiates D1DR-mediated DA efficacy in the striatum, while promoting the opposite effect in the PFC.
Discussion
Improper or delayed establishment of the mesocorticolimbic pathway may contribute to psychiatric disease, including ADHD (4,6 -8) . Indeed, the PFC is highly implicated in attentional and hyperactivity disorders, as therapeutic doses of MPH selectively modify neurotransmission in this area (15) . Here, we have shown that p35 KO compromised layer specificity of mPFC afferents projecting to the NAc. Additionally, an increase in PFC innervation by TH-positive fibers, increased basal PKA activity, and decreased DA degradation likely contributed to potentiated DAergic neurotransmission in the PFC of p35 Ϫ/Ϫ mice. Dopamine acts as a neuromodulator but generally inhibits the firing of mPFC output neurons through the D2 DA receptor on pyramidal neurons and the activation of ␥-aminobutyric acid interneurons (47) (48) (49) . Thus, perpetually high DAergic signaling may inhibit output firing of mPFC neurons in p35 Ϫ/Ϫ mice and possibly ADHD patients. p35 Ϫ/Ϫ mice were hyperactive and exhibited hypolocomotive responses to psychostimulants. The discrepancy between the locomotor responses of WT versus p35 Ϫ/Ϫ mice grew with each day of repeated dosing, as p35 KO mice were deficient in sensitization. The sensitizing effect of repeated exposure may depend upon both coordinated glutamate release in mPFC terminals of the NAc and Ϫ/Ϫ mice treated with SKF-81297 (1 mol/L, 5 minutes). Blots were probed for phospho-Ser845 and total GluR1. Quantitation of the phosphoprotein, total protein, and the phospho/total protein ratio Ϯ standard error normalized to wild-type control mice are shown (*p Ͻ .05, **p Ͻ .01, Student unpaired t test, n ϭ 4 -6 per group). (B) Immunoblot analysis of phospho-threonine-34 (T34) DA and cyclic adenosine monophosphate regulated phosphoprotein of 32 kDa (DARPP-32) in striatal slices. Blots were probed for phospho-T34 of DARPP-32, and total DARPP-32 (**p Ͻ .01, Student unpaired t test, n ϭ 4 -6 per group). (C) Immunoblot analysis of phospho-Ser845 GluR1 in acute prefrontal cortical slices (*p Ͻ .05, Student unpaired t test, n ϭ 5-9 per group). D32, DA and cyclic adenosine monophosphate regulated phosphoprotein of 32 kDa; GluR1, glutamate receptor type 1; KO, knockout; PFC, prefrontal cortex; P-S845, phospho-serine 845; P-T34, phospho-threonine-34; Str, striatal; WT, wild-type.
proper DAergic modulation of mPFC output neurons (50 -53) , which were disrupted by p35 KO. Inhibition of Cdk5 in adult rodents by pharmacological (34, 36) or transgenic means (35) has generally potentiated psychostimulant responses. In contrast, here we report that constitutive Cdk5 dysregulation via p35 KO suppressed locomotor responses, further implicating the congenital defects in motor-reward circuitry in the ADHD-like phenotype. A recent report agrees that p35 KO results in this locomotor phenotype and paradoxical response to stimulants (54) .
While MPH is presently the most widely used drug treatment for ADHD, its long-term effects on development and catecholamine metabolism are poorly understood. Chronic exposure to MPH caused significant changes in catecholamine content and degradation in p35 Ϫ/Ϫ mouse PFC, while control mice were unaffected. This suggests a possible role for Cdk5 in regulating catecholamine metabolism. Cdk5 may normally protect PFC neurons from the effects of typical weekday MPH dosing so that DA levels are not overly depleted. However, these data also raise the possibility that highdose chronic MPH may deplete DA and raise 5-HT levels in the PFC if mesocorticolimbic circuitry or Cdk5 activity is significantly altered. Future studies may be warranted to evaluate these parameters in ADHD patients.
Previously, we reported that Cdk5 repressed D1DR/cyclic adenosine monophosphate/PKA signaling through the phosphorylation of DARPP-32 (33) and that p35 KO resulted in increased DA efficacy with regard to the phosphorylation of S845 GluR1 and T34 DARPP-32. Here, we confirmed the potentiated PKA response to D1DR stimulation but found that total levels of GluR1 were elevated and basal levels of p-T34 DARPP-32 were reduced in the striatum of p35 Ϫ/Ϫ mice, raising the possibility that other factors including genetic background fluctuation may now contribute to the increased efficacy of D1DR agonists in the absence of p35. Phosphorylation of GluR1 at S845 increases the peak open probability and potentiates ␣-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor calcium ion conductance (55, 56) , while T34 phosphorylated DARPP-32 promotes phosphatase inhibition (47) . Methylphenidate potentiates PKA activity in acute striatal slices while antagonizing Cdk5-dependent phosphorylation of DARPP-32 (57) . Alterations in the basal phosphorylation of these sites in cortical and subcortical structures of p35 Ϫ/Ϫ mice suggest that the physiological properties of PFC and striatal neurons, which are dependent on the phosphorylation state of GluR1, DARPP-32, and possibly other downstream effectors of D1DR, may contribute to hyperactivity and paradoxical responses to stimulants observed in p35 Ϫ/Ϫ mice and ADHD patients. It is interesting to note that loss of another protein kinase that phosphorylates DARPP-32, casein kinase I, also results in a hyperactive phenotype (58) .
Reports of changes in ADHD patient glucose metabolism conflict (59 -61). As a noninvasive metabolic imaging technique with clinical acceptance, FDG-PET demonstrated clear perturbations in glucose metabolism, prompting our further study of the effects of p35 KO on mesocorticolimbic circuitry and function. The hypermetabolic brain activity of p35 Ϫ/Ϫ mice may result from reduced Cdk5/p35-dependent inhibition of neuronal excitability (62, 63) . We also revealed that p35 KO caused increased mesolimbic connectivity and PFC neurotransmitter content, possibly necessitating an increase in supportive energy expenditure. Increased glucose metabolism could also serve as an essential compensatory response, given the extent of anatomical defects resulting from p35 KO. Although the effects of anesthesia are controlled for in WT animals, these results must be interpreted carefully as isoflurane nonspecifically lowers brain metabolism (64) and the glucose uptake of p35 Ϫ/Ϫ mice could be differently affected by this drug.
The pathoetiology of ADHD remains poorly understood and a number of independent genetic, epigenetic, and environmental factors may cumulatively contribute to the composite human disorder. Here, we present evidence implicating Cdk5 dysregulation in ADHD. Interestingly, exposure to neurotoxins such as organophosphates, which can dysregulate Cdk5 (65), has also been linked to a higher ADHD incidence in humans (66) . Combining the results of this study with the known role of Cdk5 in corticogenesis and regulation of the DA signal, we conclude that its dysfunction during development may contribute to ADHD etiology.
